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A combined generalized spectroscopic ellipsometry measurement and density functional theory
calculation analysis is performed to obtain the complete set of infrared active phonon modes in
Lu2SiO5 with monoclinic crystal structure. Two different crystals, each cut perpendicular to a dif-
ferent crystal axis are investigated. Ellipsometry measurements from 40 - 1200 cm−1 are used to
determine the frequency dependent dielectric function tensor elements. The eigendielectric displace-
ment vector summation approach and eigendielectric displacement loss vector summation approach
both augmented with anharmonic lattice broadening parameters proposed recently for low-symmetry
crystal structures [A. Mock et al., Phys. Rev. B 95, 165202 (2017)] are applied for our ellipsometry
data analysis. All measured and model calculated dielectric function tensor and inverse dielectric
function tensor elements match excellently. 23 Au symmetry and 22 Bu symmetry infrared active
transverse and longitudinal optical modes are found. We also determine the directional limiting
modes and the order of the phonon modes within the monoclinic plane. Results from density
functional theory and ellipsometry measurements are compared and nearly perfect agreement is ob-
served. We further compare our results to those obtained recently for the monoclinic crystal Y2SiO5,
which is isostructural to Lu2SiO5 [A. Mock et al., Phys. Rev. B 97, 165203 (2018)]. We find that
the lattice mode behavior of monoclinic Lu2SiO5 is qualitatively identical with Y2SiO5, and differs
only quantitatively. We anticipate that members of the isostructural group of monoclinic symmetry
oxyorthosilicates such as Dy2SiO5 or Yb2SiO5 will likely behave very similar in their phonon mode
properties as reported here for Lu2SiO5.
PACS numbers: 61.50.Ah;63.20.-e;63.20.D-;63.20.dk;
I. INTRODUCTION
Rare-earth oxyorthosilicates offer a unique set of char-
acteristics that make them well suited to a broad range
of applications. These oxyorthosilicates include Dy2SiO5,
Lu2SiO5 (LSO), Yb2SiO5, among others.
1 These mate-
rials are isostructural also with Y2SiO5 (YSO) and both
similarities as well as differences are anticipated in their
optical properties. LSO has been of interest as a scin-
tillator material when doped with cerium.2 Oxyorthosil-
icates such as LSO are attractive candidates for scintil-
lators due to their large band gap energy value and large
mass density. To withstand high energy gamma radia-
tion, scintillators should have a density over 7 gm/cm3.3
A fast decay time below 100 ns, and a light output over
8500 photons/MeV are required to meet demands for fast
and efficient detection.3 Undoped LSO is an insulator
with a band gap energy near 6 eV.4 Dopant states within
the band gap serve as activation centers to produce pho-
tons exploiting, for example, 4f−5d transitions.5 In Ce3+
doped LSO, where Ce replaces Lu, the 4f1 band is split by
spin-orbit interactions into levels 2F5/2 and
2F7/2 lead-
ing to transition wavelengths of 360 nm, 300 nm, and
260 nm.6 Very little is known presently about funda-
mental physics properties of LSO in particular and oxy-
orthosilicates in general.
LSO and the isostructural oxyorthosilicates crystallize
as monoclinic crystal in space group 15, with 18 pos-
sible choices to address the unit cell. When comparing
results from different reports, care must be taken to prop-
erly transform unit axes descriptions. Density functional
theory (DFT) calculations have been used to predict lat-
tice parameters of oxyorthosilicates,7–10 and comparison
with experiment was made available by X-ray diffraction
(XRD) analyses of powdered samples.6,10–16 Key to fur-
ther understanding is the availability of high quality crys-
tals. Growth using the Czochralski method2 results in
single crystals and deposition using high-pressure anneal-
ing techniques results in ceramics.17 While single crystal
growth is slow and energy extensive, ceramics show in-
ferior optical properties.10,17 Initial Czochralski growth
used iridium wire, while the availability of seed crystals
improved quality. Presently, high quality single crys-
tals with various doping are available commercially, while
some laboratories have grown their own material.15,18,19
LSO has gained substantial attraction in nuclear
medicine for use as scintillator material in positron emis-
sion tomography and combined positron emission tomog-
raphy x-ray computed-tomography.20–24 A large gamma
radiation to photon conversion efficiency and a very short
decay time offer increased spatial and temporal resolution
in medical imaging also permitting shorter image acqui-
sition time.2,20 Its high efficiency also permits develop-
ment of smaller devices.22 Likewise, LSO has potential
for use in high-energy physics. Chen et al. demonstrated
that continued exposure to gamma rays did not per-
manently alter its optical properties.25 Radiation hard-
ness is required for use in calorimeters, which measure
the energy of particles produced by collisions in accel-
erators. LSO was proposed for the now cancelled Su-
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2FIG. 1. (a) Unit cell of Lu2SiO5, with monoclinic axes (a,b,c).
Overlaid is the Cartesian sample system (x,y,z). The labo-
ratory Cartesian coordinate system (xˆ,yˆ,zˆ) (not shown here)
is associated with the ellipsometer instrument, where a given
sample surface is parallel to plane xˆ - yˆ and at zˆ=0, the plane
of incidence is parallel xˆ.
perB collider project, the Mu2e collider, and in an up-
grade to the Super Large Hadron Collider.26–28 LSO
is also currently investigated as active laser material.
While Ce:LSO is not a commonly used media yet, sim-
ilar lanthanide doped orthosilicates have been used as
effective high-powered lasers. For example, Yb:YSO,
and Yb:(LuxY(1−x))SO have been shown to be highly
efficient continuous-wave laser materials with emission
wavelengths near or above 1000 nm.29–31 Yb:LSO has a
remarkably high saturation density of 9.2 kW/cm2 and
an emission wavelength of 1083 nm.32 Neodymium doped
LSO is a promising laser material with a unique emission
wavelength of 1357 nm.33,34 Nd:LSO has been proposed
as a pump for strontium optical clocks, laser doppler
velocimetry, and distributed fiber sensor applications.33
Yb:LSO has been proposed for femtosecond pulsed laser
applications by Thibault et al., who report optical pump
pulse efficiency of 17%.35
Monoclinic crystals are highly anisotropic and must be
described by four independent dielectric function tensor
element spectra, all of which contain real and imaginary
parts. Spectra of the optical properties of monoclinic
crystals have only been reported very recently, and gen-
eralized spectroscopic ellipsometry techniques for proper
measurements and data analysis of arbitrarily anisotropic
materials have only been developed recently.36 For exam-
ple, monoclinic β-Ga2O3, which has gained attention for
high power solid state transistor and switch applications,
has been analyzed from the terahertz to the vacuum ul-
tra violet spectral regions for its complete phonon mode
and free charge carrier properties,37–40 and electronic
band-to-band transitions as well as its static and high-
frequency dielectric constants, indices of refraction, and
extinction coefficients.41–45 A similar analysis procedure
resulted in complete sets of phonon modes for monoclinic
scintillator material cadmium tungstate (CdWO4)
46 and
YSO.47 To date, the only generalized spectroscopic ellip-
sometry investigation of LSO was reported by Jellison et
al., and the four real-valued dielectric function tensor
spectra were obtained in the spectral range from 200 nm
to 850 nm.18 The spectral dependencies of the monoclinic
refractive indices were calculated and the band gap of
LSO was estimated to be at 6.7 eV. Kitaura et al. re-
ported vacuum ultra violet reflectivity spectra to nearly
30 eV14 and provided an in-depth study of the electronic
band-to-band transitions in LSO. Kitaura et al. esti-
mated the band gap to be at 7.52 eV.
Lattice mode excitations are fundamental physical pro-
cesses which influence many material properties such as
thermal and electronic transport, or coupling with exci-
tons or photon emission. The lattice thermal conduc-
tivity of LSO is important when used as active laser
material, or as an environmental barrier coating.7,15
Since LSO is highly anisotropic, the thermal conductiv-
ity should also depend on transport direction. Gustafs-
son et al. reported on the thermal properties of LSO
but assumed isotropic behavior.16 Subsequently, Cong et
al. showed the effects of anisotropy in thermal con-
ductivity and reported the behavior along each crystal
axis.15 While optical phonons do not directly participate
in heat transfer, it is theorized that the anisotropic trans-
port originates from coupling with anisotropic acous-
tic phonons.48 Raman active modes have been well
studied for a large range of oxyorthosilicates including
LSO.11,12,19,49–51 However, in many of these reports the
crystals are approximated as isotropic materials ignoring
wavevector and polarization dependencies of the Raman
modes. Infrared active modes were not reported for LSO.
Likewise, no DFT calculations of lattice mode properties
have been reported.
In this work we report a combined generalized spec-
troscopic ellipsometry and DFT analysis to obtain the
complete set of long wavelength active phonon modes
in cerium doped Lu2SiO5. Ellipsometry measurements
from 40 - 1200 cm−1 are used to determine the frequency
dependent dielectric function tensor elements. Two dif-
ferent crystals, each with different cuts perpendicular to
a crystal axis are investigated. We closely follow the
methodology recently described for YSO by Mock et al.
in order to determine the complete set of long wave-
length active phonon modes.47 We expect qualitatively
similar results for LSO since YSO is isostructural. As
such, identical numbers of phonon pairs are expected.
However, both materials differ quantitatively, which will
be discussed in more detail. We find and detail 23 Au
symmetry and 22 Bu symmetry infrared active trans-
verse (TO) and longitudinal optical (LO) modes. We also
perform DFT calculations and compare our results with
the phonon modes from experiment. An excellent agree-
ment is obtained. We also compare the phonon mode
frequencies and the phonon mode order within LSO and
YSO and find strong qualitative agreement. We therefore
anticipate similar phonon mode properties among mem-
bers of the isostructural group of monoclinic symmetry
rare-earth oxyorthosilicates such as Dy2SiO5, Ho2SiO5,
Er2SiO5, Tm2SiO5, and Yb2SiO5.
1 We briefly describe
the eigendielectric vector summation approaches for ren-
dering the infrared optical properties of monoclinic crys-
tals including lattice anharmonicity and the generalized
spectroscopic ellipsometry measurements. We detail our
3TABLE I. Comparison between the experimental and theo-
retical lattice constants (in A˚; monoclinic angle β in ◦).
Exp.a Exp.b Calc.c Calc.c Calc.e
a 12.362 12.363 12.36 12.409 12.385
b 6.640 6.647 6.63 6.669 6.650
c 10.247 10.255 10.27 10.284 10.273
β 102.299 102.422 101.84 102.622 103.119
aRef. 16.
bRef. 15.
cRef. 10, LDA.
dRef. 9, GGA-PBE.
eThis work, GGA-PBE.
DFT approach, report all results, and discuss our find-
ings. In our ellipsometry analysis we did not observe ad-
ditional modes due to the presence of the dopant cerium.
Hence, throughout this work, the effects of the dopant
cerium onto the lattice modes are ignored. The results of
our work will become relevant for the future understand-
ing of optical properties such as photon-phonon coupling
and lattice thermal transport processes.
II. THEORY
A. Structure and Symmetry
Lu2SiO5 belongs to the space group 15 (centered mon-
oclinic). There are 18 alternative choices for the unit
cell for this space group, per the International Tables
for Crystallography.52 The crystallographic standard for
the unit cell choice for monoclinic crystals53,54 promotes
choosing vector b along the symmetry axis, and the low-
est possible non-acute monoclinic angle in the network
perpendicular to the symmetry axis. For space group 15
the I2/c cell is consistent with the standard and is used
throughout this work. The structural parameters for the
unit cell are specified in the next section. In many pre-
vious publications, the C2/c cell was chosen.2,9,10,16,18,19
Where appropriate, we convert the literature unit cell
parameters to the I2/c cell used here. The I2/c cell def-
inition is shown in Fig. 1.
Four lutetium atoms form a distorted tetrahedron with
isolated ionic units of SiO4 tetrahedrals and oxygen
atoms not bonded to silicon (Fig. 1).16 The crystallo-
graphic axis c is distinguished by OLu4 tetrahedra along
edge-sharing infinite chains. Two crystallographic sites,
Lu1 and Lu2, coordinated with either six or seven oxygen
atoms, respectively, are occupied by Lu3+ ions.
B. Density Functional Theory
Theoretical calculations were performed by plane wave
DFT code Quantum ESPRESSO (QE).55 We used the
exchange correlation functional of Perdew, Burke, and
Ernzerhof (PBE),56 and optimized norm-conserving Van-
derbilt (ONCV) scalar-relativistic pseudopotentials.57,58
For lutetium we used a pseudopotential with the f states
frozen into the core. As the Lu2SiO5 is isostructural
with many similar rare earth oxyorthosilicates1 as well
as with the Y2SiO5, we used the optimized crystal struc-
ture of the latter from our recent study47 as the starting
point for the calculations of Lu2SiO5. The calculations
were performed in a primitive cell p1 = a, p2 = b, p3
=(a+b+c)/2. The initial structure was first relaxed to
force levels less than 10−5 Ry Bohr−1. A regular shifted
4×4×4 Monkhorst-Pack grid was used for sampling of the
Brillouin zone.59 A convergence threshold of 1×10−12 Ry
was used to reach self consistency with a large electronic
wavefunction cutoff of 120 Ry. The comparison of result-
ing optimized cell parameters with the existing literature
data are listed in Table I. The relaxed cell was used for
subsequent phonon calculations, which are described in
Section IV A.
C. Infrared dielectric function tensor models
We use the eigendielectric displacement vector sum-
mation (EDVS)37,60,61 approach and eigendielectric dis-
placement loss vector summation (EDLVS) approach
augmented with anharmonic lattice broadening param-
eters for analysis of the dielectric function tensor data
extracted from the ellipsometry measurements. The pro-
cess for extracting the tensor data from the experiment
is discussed further below. The EDVS approach permits
access to the TO mode parameters. The EDVLS ap-
proach permits access to the LO mode parameters. The
application of both approaches simultaneously in order
to determine the amplitudes, frequencies and broadening
parameters of all TO and LO modes was shown previ-
ously by Mock et al. for YSO,47 and NdGaO3.
62
Both infrared frequency dependent dielectric function
tensor, ε(ω), and dielectric loss function tensor, ε−1(ω)
contain all information on infrared active TO and LO
modes, including their directional (anisotropic) proper-
ties. Dielectric resonance for electric fields along eˆl with
eigendielectric displacement unit vectors eˆl = eˆTO,l de-
fine TO mode frequencies. Dielectric loss resonance for
electric fields along eˆl with eigendielectric displacement
unit vectors eˆl = eˆLO,l define LO frequencies. Note that
in the latter case the electric field of an electromagnetic
wave does interact with the medium, despite statements
to the contrary often found in textbooks.63,64 The com-
pelling argument is that at the frequency of a LO mode,
the lattice polarization (motion)– the cause of which can
only be the electric field of the electromagnetic wave, is
oriented so as to compensate the vacuum polarization
leading to a vanishing displacement. A set of multiple
TO and LO modes, where l may denote a running index,
can thus be determined from ε(ω) and ε−1(ω):60
|det{ε(ω = ωTO,l)}| → ∞, (1a)
|det{ε−1(ω = ωLO,l)}| → ∞, (1b)
ε−1(ω = ωTO,l)eˆTO,l = 0, (1c)
ε(ω = ωLO,l)eˆLO,l = 0, (1d)
where det is the determinant. We note without fur-
ther proof that the total number of TO modes must
always equal the total number of LO modes. In the
Born and Huang approach,65 the lattice dynamic prop-
4FIG. 2. DFT calculated phonon mode displacements for TO modes identified in this work for Lu2SiO5. Shown here are modes
with Bu (See also Tab. II) and Au (Tab. III) symmetry. The order of the phonon mode labelling is performed with increasing
wavelength.
5erties in crystals with arbitrary symmetries are catego-
rized under different electric field E and dielectric dis-
placement D conditions.66 E = 0 and D = 0 defines
the TO modes, ωTO,l, associated with dipole moment.
E 6= 0 but D = 0 defines the LO modes, ωLO,l, iden-
tical with the definitions through the dielectric tensor
above. E 6= 0 and D 6= 0 defines the so-called limiting
frequencies ω(α)l. Here, the limiting frequencies, ω(α)l,
depend on the direction of a unit vector within the a− c
plane, αˆ = cosαxˆ+ sinαyˆ.40 Frequencies ω(α)l are then
obtained from the subtensor within the a− c plane as
follows (T denotes the transpose):
0 = αˆ
[
εxx εxy
εxy εyy
]
αˆT. (2)
A physical model must be selected to calculate the ef-
fect of the lattice excitation onto the optical properties.
In the EDVS approach, ε is obtained from a sum over
all TO mode contributions, added to a high-frequency
wavelength independent tensor ε∞.
ε = ε∞ +
N∑
l=1
%TO,l(eˆTO,l ⊗ eˆTO,l), (3)
where ⊗ is the dyadic product and %TO,l are wavelength
dependent functions. In the EDVLS approach, ε−1 is ob-
tained from a sum over all LO mode contributions, added
to a high-frequency wavelength independent inverse ten-
sor ε−1∞ .
ε−1 = ε−1∞ −
N∑
l=1
%LO,l(eˆLO,l ⊗ eˆLO,l), (4)
where %TO,l are wavelength dependent functions. Note
the minus sign in front of the summation in Eq. 4,
which was chosen to result in real-valued LO mode am-
plitude parameters in Eq. 5.67 Note that both tensors are
symmetric, and six complex-valued frequency dependent
functions are required to fully render ε and its inverse,
ε−1. Anharmonic broadened Lorentzian oscillator func-
tions are used to describe wavelength dependent func-
tions in Eqs. 3 and Eqs. 4.47,62
%k,l (ω) =
A2k,l − iΓk,lω
ω2k,l − ω2 − iωγk,l
. (5)
Here, Ak,l, ωk,l, γk,l, and Γk,l denote amplitude, res-
onance frequency, harmonic broadening, and anhar-
monic broadening parameter for TO (k=“TO”) or LO
(k=“LO”) mode l, respectively, and ω is the frequency
of the driving electromagnetic field. It can be shown that
parameters Γk,l vanish when there is no coupling between
lattice modes which leads to anharmonic lattice broad-
ening.
A coordinate-invariant generalized dielectric function
can be found, which conveniently connects all TO and
LO modes within a crystal regardless of its symmetry
det{ε(ω)} = det{ε∞}
N∏
l=1
ω2
LO,l − ω2
ω2
TO,l − ω2
. (6)
This form was described previously by Schubert60 for
crystals with monoclinic or triclinc symmetry, and has
similarities with a factorized form described by Berre-
man and Unterwald68 and by Lowndes69 for crys-
tals with orthorhombic and higher symmetry. The
Berreman-Unterwald-Lowndes (BUL) form introduces
phonon mode lifetime broadening for each TO and LO
mode separately. In the same vein, the Schubert form
is interpreted with TO and LO broadening parame-
ters which is then valid regardless of crystal symmetry
(Schubert-BUL form)
det{ε(ω)} = det{ε∞}
N∏
l=1
ω2
LO,l − ω2 − iωγLO,l
ω2
TO,l − ω2 − iωγTO,l
. (7)
The inverse of the Schubert-BUL form is obtained imme-
diately
det{ε−1(ω)} = det{ε−1∞ }
N∏
l=1
ω2
TO,l − ω2 − iωγTO,l
ω2
LO,l − ω2 − iωγLO,l
. (8)
The usefulness of the inclusion of these forms during the
analysis of phonon modes from ellipsometry data has
been recently demonstrated for monoclinic β-Ga2O3,
37
CdWO4,
61 YSO,47 and orthorhombic NdGaO3.
62 With
ω → 0, Eq. 6 provides the Schubert-Lyddane-Sachs-
Teller (S-LST) relationship for crystals with arbitrary
symmetry, which relates the DC and high-frequency ten-
sors with all TO and LO modes within a given crystal60,70
det{ε(ω = 0)}
det{ε∞} =
N∏
l=1
ω2
LO,l
ω2
TO,l
. (9)
In materials with orthorhombic and higher symmetry,
frequencies ωTO,LO,l appear in associated pairs such that
a TO mode is always followed by an associated LO mode,
where the next mode in order must be a TO mode. This
is also known as TO-LO rule.71 It was found that this
order is violated for monoclinic and triclinic symmetries.
The resulting phonon order and its relationship with the
reststrahlen band and the directional modes was exem-
plified recently for monoclinic β-Ga2O3.
40
Coordinate systems (xˆ, yˆ, zˆ), (x, y, z), and (a, b, c)
are needed to describe the optical properties of the mon-
oclinic crystals within the laboratory system of the el-
lipsometry instrumentation. Laboratory coordinate axes
xˆ, yˆ, and zˆ are associated with the ellipsometer system
where xˆ is parallel to the plane of incidence and parallel
to the sample surface, yˆ is parallel to the sample surface,
and zˆ is perpendicular to the surface pointing into the
sample. The incident wave vector has a positive compo-
nent in xˆ direction. Crystallographic axes of the mono-
clinic system, (a, b, c), are oriented within the Cartesian
sample coordinate system, (x, y, z), such that z is par-
allel to axis b, and axes a and c are within the (x − y)
plane. Relationships between (x, y, z), and (a, b, c) are
shown in Fig. 1. Rotation transformations then connect
the physical orientation of a given sample mounted onto
the sample stage of the ellipsometer with the intrinsic
orientations of a given phonon mode within the crystal
lattice. Due to factorization according to symmetry and
number of elements in the unit cell, 23 TO and 23 LO
6FIG. 3. Same as Fig. 2 for LO modes.
7modes with Au symmetry are polarized along vector b.
22 TO and 22 LO modes with Bu symmetry are polarized
within the monoclinic a-c plane.
The orientation of a TO eigendielectric displacement
vector with Bu symmetry relative to x within the (a-c)
plane is denoted by αTO,l, then explicitly here
εxx = ε∞,xx +
22∑
l=1
%BuTO,l cos
2 αTO,l, (10a)
εxy = ε∞,xy +
22∑
l=1
%BuTO,l sinαTO,l cosαTO,l, (10b)
εyy = ε∞,yy +
22∑
l=1
%BuTO,l sin
2 αTO,l, (10c)
εzz = ε∞,zz +
23∑
l=1
%AuTO,l, (10d)
εxy = εyx, (10e)
εxz = εzx = εzy = εyz = 0. (10f)
The orientation of a LO eigendielectric loss displace-
ment vector with Bu symmetry relative to x within the
(a-c) plane is denoted by αLO,l, then explicitly here
ε−1xx = ε
−1
∞,xx −
22∑
l=1
%BuLO,l cos
2 αLO,l, (11a)
ε−1xy = ε
−1
∞,xy −
22∑
l=1
%BuLO,l sinαLO,l cosαLO,l, (11b)
ε−1yy = ε
−1
∞,yy −
22∑
l=1
%BuLO,l sin
2 αLO,l, (11c)
ε−1zz = ε
−1
∞,zz −
23∑
l=1
%AuLO,l, (11d)
ε−1xy = ε
−1
yx , (11e)
ε−1xz = ε
−1
zx = ε
−1
zy = ε
−1
yz = 0. (11f)
D. Generalized ellipsometry
Generalized spectroscopic ellipsometry permits mea-
surements of the optical properties of arbitrarily
anisotropic materials,36,72,73 including crystalline ma-
terials with monoclinic37,41–44,47,60,61,74 and triclinic
symmetry.75 The Mueller matrix is measured, and then
compared with model calculations. The Mueller matrix
relates the Stokes vector components before and after in-
teraction with a sample, S0S1S2
S3

output
=
 M11 M12 M13 M14M21 M22 M23 M24M31 M32 M33 M34
M41 M42 M43 M44

 S0S1S2
S3

input
.
(12)
with Stokes vector components defined here by S0 =
Ip + Is, S1 = Ip − Is, S2 = I45 − I−45, S3 = Iσ+ − Iσ−.
Here, Ip, Is, I45, I−45, Iσ+, and Iσ−denote the intensities
for the p-, s-, +45◦, -45◦, right handed, and left handed
circularly polarized light components, respectively.76 As
discussed in detail previously,37,47,61,62,71,72,76–78 ellip-
sometry data are compared with model calculated data
by best-match regression algorithms. A half-infinite, two
phase model with one media being ambient air and the
other monoclinic Lu2SiO5 separated by the planar crys-
tal surface is applied. The angular orientations of the
samples relative to their crystallographic orientations are
determined together with the wavelength dependencies
of the dielectric function tensor elements. Samples with
different surface orientations are investigated. Data at
multiple sample azimuth orientations and multiple angle
of incidences are measured. All sample cuts, azimuthal
rotations, and angles of incidence data are best-matched
simultaneously for all wavelengths (polyfit), and com-
plex valued functions, εxx, εyy, εxy, and εzz are obtained
(wavelength-by-wavelength analysis). All functions are
then best-match analyzed using model functions above
and varying model parameters. Note that all spectra for
ε, ε−1, det{ε}, and det{ε−1} are evaluated simultane-
ously to achieve best-match and to find the best-match
calculated model parameters.47,61,62
III. EXPERIMENT
Two single crystal samples of cerium doped Lu2SiO5
were purchased from MTI Corporation for this investiga-
tion. The nominal doping concentration is 0.175 mol%.
According to Ning et al., doping with cerium causes very
little change in the lattice structure of the crystal.9 The
sample dimensions were each 10 mm × 10 mm × 0.5 mm.
Crystal orientations of our samples were (001) and (110),
respectively, following the axis definition shown in Fig. 1.
All model calculations were done using WVASE32TM
(J. A. Woollam Co., Inc.). GSE measurements were
performed with two instruments. Data within the in-
frared spectral range covering approximately 230 cm−1
to 1200 −1 was acquired with a commercial IR variable
angle of incidence spectroscopic ellipsometry (VASE)
instrument (J. A. Woollam Co., Inc.). Data within
the far-infrared (FIR) spectral range covering approx-
imately 40 cm−1 to 500 −1 was acquired with an in-
house built FIR-VASE instrument.79 Data was acquired
in the Mueller matrix formalism. Mueller matrix data
was taken for each sample at two angles of incidence,
Φa = 50
◦, and 70◦. Five azimuthal sample orienta-
tions for each sample, with the sample rotated clock-
wise around its normal in 45◦ increments, were measured.
Only five azimuthal angles were needed as measurements
180◦ apart are identical and no non-reciprocity effects
were observed. All five azimuthal rotations are included
in the analysis, but only three rotations for each surface
cut are shown in our figures for brevity. Due to our cur-
rent instrumentation in the FIR spectral region, fourth
row elements of the Mueller matrix are only available
from the infrared instrument, approximately 230 cm−1
and above.
8IV. RESULTS AND DISCUSSION
A. DFT Phonon Calculations
The phonon frequencies, Born effective charges, and
transition dipole components were computed at the Γ-
point of the Brillouin zone using density functional per-
turbation theory,80 as implemented in the Quantum
ESPRESSO package. The parameters of the TO modes
were obtained from the dynamical matrix computed at
the Γ-point. The parameters of the LO modes were ob-
tained by setting a small displacement from the Γ-point
in order to include the long-range Coulomb interactions
of Born effective charges in the dynamical matrix. For Au
symmetry modes this displacement was in the direction
of the crystal vector b. For the Bu modes, the entire a-c
plane was probed with a step of 0.1◦, in order to create
plots of directional limiting frequencies. The extrema of
the dispersion curves for each phonon mode were iden-
tified as LO modes if they did not coincide (in terms of
phonon frequency and direction) with previously identi-
fied TO modes.
The results of the phonon mode calculations for all in-
frared active modes with Bu and Au symmetry (ωTO,l,
ATO,l, αTO,l, ωLO,l, ALO,l, αLO,l) are listed in Tabs. II
and III. Note that for modes with Au symmetry, all eigen-
vectors are oriented along direction b and thus αTO,LO,l
are not needed. Values for αTO,LO, for modes with
Bu symmetry are counted relative to the direction of
the highest-frequency (TO, LO) mode, and the highest-
frequency (TO, LO) mode is counted relative to axis a
within the a− c plane. Renderings of atomic displace-
ments for each mode were prepared using XCrysDen81
running under Silicon Graphics Irix 6.5, and are shown
in Figs. 2 and 3.
B. Mueller matrix analysis
Experimental Mueller matrix data and the best-match
model data are shown in Figs. 4 and 5 for both samples
studied. Each unique Mueller matrix element is shown in
its own pane and arranged by the corresponding matrix
indices. Each pane shows three azimuthal positions de-
noted by P1, P2, and P3 with two angles of incidence each
(50◦ and 70◦). Data sets symmetric in indices are plotted
together and as denoted in the corresponding panes. All
Mueller matrix elements are normalized to M11. Element
M44 cannot be measured with our current instrumenta-
tion and is therefore not presented. Data obtained within
the FIR range (40 cm−1 to 500 cm−1) and data within
the IR range (500 cm−1 to 1200 cm−1) are shown for
all elements excluding the fourth row elements. Due to
limitations of our current FIR instrumentation, only IR
data (250 cm−1 to 1200 cm−1) is shown for all fourth row
elements.
In-plane anisotropy is seen in Figs. 4 and 5 in the off-
block diagonal elements (M13, M23, M14, and M24). For
isotropic samples, these elements are zero valued across
the entire spectra. Each of these elements are strongly
impacted by the azimuthal rotations. To show corre-
lation between all Mueller matrix elements and the ex-
tracted dielectric function tensor elements, the frequen-
cies of all TO and LO phonon modes with Au and Bu
symmetries are shown as horizontal lines in Figs. 4 and
5. Our polyfit data for each wavelength included up
to 792 independent data points from the multiple cuts,
azimuthal rotations, and angles of incidence. In this
wavelength-by-wavelength analysis, 14 independent pa-
rameters are varied. Of these 14, eight are the real and
imaginary parts of the dielectric function tensor elements
(εxx, εyy, εxy, and εzz). The remaining six variables are
two sets of three Euler angles used to describe the sam-
ple surface and orientation, independent of wavelength.
The resultant Mueller matrices of this polyfit are shown
in Figs. 4 and 5 as the solid red lines. The dielectric ten-
sor elements found in this fit are shown in Fig. 6 as the
dotted green lines. Overall, there is excellent agreement
between the experimental and calculated Mueller matrix
data. Longer wavelength data does become noisier as a
result of lower source intensity. While these LSO samples
were doped with cerium, no free charge carrier effects are
detected in our data.
C. Dielectric tensor analysis
The real and imaginary parts of the dielectric function
tensor elements found during the polyfit (εxx, εxy, εyy,
and εzz) are shown in Fig. 6 as green dotted lines. These
tensor elements were then translated into the inverse di-
electric function tensor elements (ε−1xx , ε
−1
xy , ε
−1
yy , and ε
−1
zz )
as shown in Fig. 8 as the green dotted lines again. Simi-
larly, the determinant and inverse determinant elements
(εxxεyy−ε2xy) and inverse determinant ((εxxεyy−ε2xy)−1)
shown in Fig. 7 are derived from the polyfit elements.
From these dielectric tensor elements, phonon modes
can be observed. TO mode resonant frequencies occur at
the maxima of the imaginary parts of the dielectric func-
tion tensor elements and the determinant.60 Similarly,
LO mode resonant frequencies occur at the maxima of
the imaginary parts of the inverse dielectric function ele-
ments and inverse determinant.61 In Figs. 6 and 8, panels
(a), (b), and (d) have common peaks where we identify
22 TO and LO mode pairs with Bu symmetry (in the a-
plane). Likewise, the peaks of panel (c) show 23 TO and
LO mode pairs along the Au symmetry axis.
D. Phonon mode analysis
1. Modes with Bu symmetry in the a-c plane
a. TO mode parameter determination By using a
set of anharmonically broadened Lorentzian oscillators
we derive the best-match model calculations shown in
Figs. 6 and 8 as the solid red lines. The best-match
TO model parameters are detailed in Tab. IV. Param-
eters included in this table are amplitude (ATO,l), fre-
quency (ωTO,l), broadening (γTO,l), anharmonic broad-
ening (ΓTO,l), and eigenvector direction (αTO,l) for all
TO modes (l = 1...22) with Bu symmetry.
b. TO eigendielectric displacement vectors Figure 9
is a vector representation of the amplitude and polariza-
tion direction parameters (ABuTO,l and αTO,l) within the
9TABLE II. Phonon mode parameters for Bu symmetry modes obtained by DFT. Units are reciprocal centimeters (cm
−1),
Debye (D), Angstrom (A˚), angular degrees (◦), and atomic mass units (amu). Parameters for the angular orientation are
relative to Mode 1, defined from the unit cell direction a as 28.76◦ and 32.70◦ for the TO and LO modes, respectively.
Mode ωTO,l (cm
−1) A2TO,l [(D/A˚)
2/amu] αTO,l (
◦) ωLO,l (cm−1) A2LO,l [(D/A˚)
2/amu] αLO,l (
◦)
1 928.14 78.497 0.00 1009.14 124.524 0.00
2 885.18 46.136 101.26 953.64 111.495 91.70
3 857.46 23.077 86.98 866.22 3.329 77.03
4 840.80 8.042 93.72 843.15 0.782 95.19
5 559.52 40.240 24.87 636.60 59.184 31.59
6 526.89 18.174 50.00 529.39 9.603 146.65
7 505.95 6.360 114.06 507.61 0.769 49.67
8 500.95 21.230 177.09 547.00 23.385 113.66
9 460.29 8.576 75.90 472.56 6.020 97.72
10 392.41 4.013 72.33 410.18 14.704 116.56
11 360.20 11.746 130.00 388.98 5.542 149.85
12 296.51 23.377 146.41 324.30 9.928 37.47
13 275.34 22.485 68.55 333.68 5.730 109.76
14 270.29 2.137 73.00 270.74 0.011 84.58
15 233.68 19.202 58.12 249.85 1.026 45.97
16 204.62 8.804 3.59 231.77 3.336 150.36
17 183.91 20.808 139.75 202.51 0.475 109.24
18 161.70 1.971 137.48 165.57 0.338 92.76
19 149.48 13.658 98.44 160.36 0.214 71.01
20 104.13 0.573 59.41 105.24 0.042 52.58
21 76.58 1.147 106.22 79.07 0.057 110.39
22 64.04 0.236 143.65 64.70 0.014 163.56
TABLE III. Same as Tab. II for modes with Au symmetry.
Mode ωTO,l (cm
−1) A2TO,l [(D/A˚)
2/amu] ωLO,l (cm
−1) A2LO,l [(D/A˚)
2/amu]
1 920.59 1.3255 963.53 113.2478
2 894.12 33.3283 919.52 1.1628
3 868.09 36.8330 880.20 3.0297
4 848.54 5.6808 850.13 0.5144
5 596.40 13.2935 620.52 23.081
6 552.78 5.6431 560.76 4.9752
7 523.74 4.0507 529.53 3.3011
8 504.19 3.2719 508.11 1.8249
9 427.37 5.5023 444.35 11.8087
10 409.18 2.3907 413.43 1.7162
11 362.48 0.0001 362.48 0.0001
12 338.47 7.6803 378.18 12.698
13 319.26 15.4837 331.82 0.6623
14 280.78 7.3042 291.80 1.5379
15 238.45 6.3969 256.70 2.1276
16 224.07 4.8942 231.21 0.3554
17 202.08 22.1504 217.30 0.352
18 185.93 2.6995 187.23 0.0346
19 163.53 0.4978 163.99 0.0194
20 136.39 2.7855 140.03 0.1483
21 106.62 0.6106 107.71 0.0375
22 90.79 0.4051 91.67 0.0267
23 81.52 0.4565 82.49 0.0228
a-c plane. Here, GSE (a), (b) model data are compared
to DFT derived data (c), (d). TO vectors are shown in
panels (a) and (c) and LO vectors are in (b) and (d).
Note that small amplitude modes are enlarged by factors
as shown. There is generally good agreement between the
GSE and DFT data, particularly for modes with large
amplitudes, such as mode 1, 5, 11, or 13, for example.
Some modes appear similar but are numbered differently
between the two data sets. This may happen as a result
of a slightly different frequency being found in GSE than
DFT and hence a different number is being assigned to
the mode. For instance, this happens in the TO ((a) and
(c)) modes 3 and 4. There is noticeable disagreement
between other modes. This lack of agreement may be at-
tributed to a weaker mode amplitude parameter or being
too close in frequency to another mode feature.
c. LO mode parameter determination Blue solid
lines in Figs. 6 and 8 indicate the resulting best-match
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FIG. 4. Lu2SiO5 GSE data at Φa = 50
◦ and 70◦ angle of incidence: Dotted green lines (experiment); Solid red lines (best
match model calculated). Data are presented in the Mueller matrix formalism. All data are normalized to element M11. The
sample surface is (001), with best match calculated Euler angle parameters θ = 80.8(4) and ψ = −11.1(5). Data are shown
for three azimuths: P1 [ϕ = −84.4(2)◦]; P2 [ϕ = −39.4(2)◦]; P3 [ϕ = 5.5(8)◦]. TO and LO modes are indicated by solid and
dotted lines, respectively, for Bu symmetry (blue) and Au symmetry (brown).
model calculations obtained from Eq. 10 using a second
independent set of anharmonically broadened Lorentzian
oscillators (LO mode summation). We find excellent
agreement between our wavelength-by-wavelength and
model calculated ε−1 and ε. All best match LO model
parameters are summarized in Tab. IV including ampli-
tude (ALO,l), frequency (ωLO,l), broadening (γLO,l), an-
harmonic broadening (ΓLO,l), and eigenvector direction
(αLO,l) for all LO modes (l = 1...22) with Bu symmetry.
Frequencies of the LO modes are indicated by dotted ver-
tical blue lines in Figs. 4, 5, 7, and 8 which align with
the features observed in the data and the extrema seen
in the imaginary part of the inverse dielectric tensor.
2. Modes with Au symmetry along the crystal direction b
GSE results of mode parameters for Au modes are
listed in Tab. V. The dielectric function and inverse di-
electric functions are shown in Figs. 6(c) and 8(c), re-
spectively. Red lines show our best match model calcu-
lation using 23 anharmonic Lorentzian oscillators. Pa-
rameter sensitivity is critical for modes which occur in
close wavelength proximity and/or possess small ampli-
tudes. Weak modes with small amplitude parameters
may become subsumed by stronger modes during the re-
gression analysis. Therefore, manual parameter adjust-
ments and limited parameter regions for some parameters
were used to reach best-match calculated model param-
eters. These adjustments are noted in Tab. V accord-
ingly. Modes 4, 11, 13, 15, and 19 - 23 possess small
splitting between their TO and LO frequencies. We have
treated those hence as impurity-like vibrational modes
as discussed recently for wurtzite-structure GaN.82 Ac-
cordingly, their TO and LO frequencies are listed equal
in Tabl. V. We note that modes 11 and 15 are observed
within the TO-LO bands formed by modes 12 and 16, re-
spectively, while all other impurity-like vibrational modes
are located outside such bands. Frequencies of TO modes
with Au symmetry are indicated by vertical solid brown
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FIG. 5. Same as Fig. 4 for (110) Lu2SiO5 with θ = 42.9(3) and ψ = 15.1(8). P1 [ϕ = −92.0(7)◦]; P2 [ϕ = −47.7(4)◦]; P3
[ϕ = −2.7(4)◦].
lines in Figs. 4, 5, and 6 while frequencies of LO modes
with Au symmetry are indicated by vertical dotted brown
lines in Figs. 4, 5, and 8. Table III lists DFT calculated
frequencies and amplitude parameters for Au modes, and
overall a good agreement is observed with our GSE re-
sults. Modes 19-23 possess small TO-LO mode split-
tings, with mode 20 as small exception being predicted
as a band with slightly larger TO-LO splitting. Likewise,
modes 4 and 11 are predicted with very small TO-LO
splitting, in agreement with our observation. Note that
mode 11 is located within the TO-LO band of mode 12,
consistent with our GSE results. Modes 13 and 15 are
predicted with somewhat larger TO-LO splitting than
observed. We note that mode 15 is also observed to be
located within mode 16 in GSE, while in DFT modes 15
and 16 are separated.
3. TO-LO rule
As pointed out by Mock et al.,62 the Schubert-BUL
form (Eq. 7) can be used to identify violations of
the TO-LO order. Negative imaginary parts occur
in frequency regions of TO-LO bands (inner modes,
“+”) nested within larger TO-LO bands (outer modes,
“-”). For example, a mode sequence of [TO− ...
[TO1,+,LO1,+]...[TOn,+,LOn,+] ... LO+] will show nega-
tive imaginary parts in frequency bands [TO1,+,LO1,+],
[TO2,+,LO2,+], ... and [TOn,+,LOn,+]. It is noted
that this form does not represent a measurable dielectric
function and represents an indicator of physical prop-
erties rather than representing a physical property it-
self. Hence, a negative imaginary part is not prohibitive.
Here, we observe such occurrences between TO-1 and
LO-2, in the very narrow range between TO-7 and LO-8,
between TO-12 and LO-13, and between TO-15 and LO-
15 and TO-16 and LO-16. These frequency regions are
identical with bands of total reflection and the formation
of inner and outer modes as discussed below. Note that
the TO-LO rule holds true for all Au modes.
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FIG. 6. Lu2SiO5 dielectric function tensor spectra: Green dotted lines (GSE); Red solid lines (best match EDVLS model);
Vertical blue lines (Bu symmetry TO modes); Vertical orange lines Au symmetry TO modes); Vertical black bars (DFT
transition dipole moments).
4. Phonon mode order and directional modes
In monoclinic symmetry materials with polar lattice
vibrations the order of the phonon modes is directly
related to the appearance of the polarized reststrahlen
bands. The existence of inner and outer modes, where
inner modes are nested within the frequency range of
outer modes, and their relationship with the order of the
phonon modes and the restrahlen range appearance was
discussed recently for β-Ga2O3 as an example.
40 The re-
strahlen bands for frequencies within outer modes are
polarization-dependent. Inner modes cause polarization-
independent (totally reflective regardless of polarization)
reststrahlen bands. The directional limiting frequencies
within the Born-Huang approach are bound to within
outer mode frequency regions not occupied by inner mode
pairs. Early observations were reported by Kuzmenko for
monoclinic copper monoxide and bismuth monoxide.83
Hence, an unusual phonon mode order can occur where
both lower-frequency as well as upper-frequency limits for
the directional modes can be both TO and/or LO modes.
Figure 10 depicts the directional mode frequencies and
their dispersion within the monoclinic plane for LSO, ob-
tained by DFT and by GSE, in comparison. Symbols in-
dicate frequency and direction of all TO and LO modes
(open symbols indicate their normal directions perpen-
dicular to the eigenvectors within the monoclinic plane).
Light gray areas indicate regions of outer modes not oc-
cupied by inner modes, and within which all directional
modes are confined. The dark gray areas indicate regions
occupied by inner modes, within which no directional
mode exists. Overall, an excellent agreement between
DFT and GSE is noted. Both order of modes, their fre-
quencies as well as direction parameters are highly con-
sistent between theory and experiment. Small deviations
can be seen for small polarity modes which show very
small dispersion only (outer or inner mode pairs with
small TO-LO splitting). Also, some outer modes appear
shifted and overlapping partially in the experiment, caus-
ing nested inner mode pairs and bands of total reflection
(dark gray areas).
We further compare the experimentally determined
phonon mode properties of LSO with those of its isostruc-
tural compound YSO, whose phonon modes we have de-
13
FIG. 7. (a) Coordinate invariant generalized dielectric function: Green dotted lines (GSE); Red solid lines (best match Schubert-
BUL form); Vertical blue lines (all TO modes). (b) Coordinate invariant inverse generalized dielectric function: Green dotted
lines (GSE); Red solid lines (best match inverse Schubert-BUL form); Vertical dashed blue lines (all LO modes).
TABLE IV. GSE parameters for Bu symmetry TO and LO modes. αTO and αLO are relative to Mode 1, defined from direction
x as 91.63 ◦ and -89.34 ◦ for the TO and LO mode, respectively.
Mode ωTO(cm−1) ωLO(cm−1) γTO(cm−1) γLO(cm−1) ATO(cm−1) ΓTO(cm−1) αTO(◦) ALO(cm−1) ΓLO(cm−1) αLO(◦)
1 975.(6) 1055.5(0) 8.(1) 6.5(0) 6(5)0 -5.(6) (0) 24(8) 0.(1) 0
2 911.(4) 981.3(7) 6.(9) 9.(3) 5(0)0 -7.(5) 10(3) 23(6) -0.(3) 87.(9)
3 89(6) 89(7) 2(3) 1(8) 7(9) 1(0) 7(5) (1) 0.(8) 3.(8)
4 879.(9) 890.(8) 9.(7) 9.(7) 3(9)0 1(7) 8(3) 4(5) -0.(1) 11(5)
5 578.(9) 643.0(4) 7.(2) 15.1(2) 3(7)0 1(0) 1(8) 165.(5) -4.(3) 152.(0)
6 545.(9) 574.7(2) 7.(2) 6.(8) 2(5)0 -6.(8) 7(5) 11(8) 0.(5) 69.(9)
7 524.(7) 546.(9) (8) 1(0) 3(8)0 -(2)9 2.(5) 5(9) -0.(9) 1(3)
8 51(3) 52(5) 1(8) 25a 2(6)0 -(7)0 5(9) 4(2) 1.(3) 9(8)
9 471.(9) 487.(0) 12.(7) 12.(7) 2(5)0 0.(8) 7(6) 5(6) 0.(5) 7(9)
10 418.(5) 432.0(5) 5.(6) 6.5(7) 1(4)0 (0) 6(9) 7(6) -1.(0) 5(9)
11 385.(1) 416.(5) 3.(6) 5.(6) 2(6)0 (2) 12(9) 5(4) -0.(3) 2(9)
12 312.(4) 354.(4) 11.(4) 8.4(9) 3(9)0 -(1) 10(0) 5(7) -0.(2) 9(7)
13 308.(5) 339.0(3) 6.(9) 7.3(3) 2(7)0 -(2)4 1.(8) 6(2) 2.(1) 17(4)
14 28(9) 293.(7) (9) (6) 1(7)0 1(4) 5(5) 1(2) 0.(4) 10(1)
15 250.(2) 250.(1) 5.(2) 7.(3) 22(9) -(3)0 7(0) 4(3) 0.(4) 1(9)
16 220.(2) 227.(8) (8) (7) 2(0)0 -(2)0 4(0) 1(4) 0.(0) 11(4)
17 207.6(6) 262.2(8) 2.9(8) 4.(9) 40(7) -1(0) 142.(5) 2(4) -0.(2) 9(9)
18 171.(1) 175.(1) (7) (4) 1(0)0 (3)0 10(7) 1(2) 0.(5) 10(1)
19 11(9) 12(0) 1(3) (6) (7) 2(6) 3(6) 4.(2) 0.(2) 11(6)
20 157.4(4) 164.(2) 2.(1) 2.(9) 16(0) -(1)6 7(5) 1(1) -0.(1) 11(9)
21 83.(0) 83.(8) 1.(3) 1.(3) 4(1) -1(1) 1(1)0 2.(3) -0.(1) 3(1)
22 5(0)a 5(3)a 1(0) 1(9) 1(0) (1)0 9(2) 1(3) -2.(3) 16(9)
aMode parameters fit in a local region, held constant in full spectral fit procedure.
termined recently.62 Yttrium (atomic number 39; elec-
tron configuration [Kr] 4d1 5s2; standard atomic weight
88.90584u; covalent radius 190 ± 7 pm) has nearly half
of the inertial mass of Lutetium (71; [Xe] 4f14 5d1 6s2;
174.9668u; 187± 8 pm) but equivalent covalent size. As
can been in Tab. V in comparison with Tab. 4 in Ref. 62,
the Au TO modes are very similar while the LO modes
are slightly different reflecting slightly different Born ef-
fective charges. Figure 10 also depicts the directional
mode frequencies and their dispersion within the mono-
clinic plane for YSO, obtained by GSE. Comparing re-
sults from experiment for both compounds, one can see
no significant differences between LSO and YSO, except
for small variations in actual frequency and direction pa-
rameters. Closer inspection of Figs. 2 and 3 as well as
Figs. 2 and 3 in Ref. 62 reveals that most of the phonon
mode displacements in both LSO and YSO are taken up
by the oxygen atoms, followed by much smaller displace-
ment performed by the silicon atoms. The much heav-
ier elements Y and Lu remain practically fixed within
the lattice. Hence, replacement of Lu with Y affects the
phonon mode behavior only marginally. A similar be-
havior was reported for Raman modes measured in LSO,
YSO, and Lu1.8Y0.2SiO5.
12 Therefore, we expect similar
phonon mode behavior in all rare earth oxyorthosilicates
Dy2SiO5, Ho2SiO5, Er2SiO5, Tm2SiO5, and Yb2SiO5
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FIG. 8. Same as for Fig. 6 for the inverse dielectric tensor: Vertical dashed blue lines (Bu symmetry LO modes); Vertical
dashed orange lines (Au symmetry TO modes).
than observed here for LSO.
5. Static and high-frequency dielectric constants
Table VI depicts results for the static and high-
frequency dielectric constants obtained in this work. The
static dielectric constants are obtained numerically by
setting ω = 0. The high-frequency dielectric constants
are determined during the best-match model GSE anal-
ysis. We note that the S-LST relation60 is satisfied when
considering all TO and LO mode frequencies and static
and high-frequency dielectric constants obtained in this
work.
V. CONCLUSIONS
We have determined the infrared active phonon mode
parameters for the monoclinic symmetry rare-earth oxy-
orthosilicate Lu2SiO5. A combined analysis method us-
ing density functional theory and spectroscopic ellipsom-
etry was used. Our previously described approach to
extract phonon mode parameters from monoclinic sym-
metry and hence highly anisotropic materials has been
demonstrated as a versatile technique. We found all
phonon modes anticipated by symmetry and in excellent
agreement between theory and experiment. We deter-
mined all directional modes and established the phonon
mode order with the a−c plane. We further observe that
the phonon mode properties of Lu2SiO5 are very similar
to its isostructural compound Y2SiO5, despite a much
larger inertial mass of Y relative to Lu. This observation
is explained by the large mass difference between oxygen
and silicon relative to the Y and Lu atoms. We anticipate
a very similar phonon mode behavior among the entire
class of rare-earth monoclinic oxyorthosilicates.
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TABLE V. Same as for Tab. IV for Au symmetry modes.
Mode ωTO(cm
−1) ωLO(cm−1) γTO(cm−1) γLO(cm−1) ATO(cm−1) ΓTO(cm−1) ALO(cm−1) ΓLO(cm−1)
1 963.9(5) 994.6(3) 10.1(9) 9.91(7) 115.(6) -2.9(3) 230.0(6) 1.2(3)
2 922.1(0) 959.7(3) 6.4(9) 8.1(5) 386.(7) -9.(9) 64.(1) -0.8(8)
3 895.1(2) 909.4(6) 2.(5) 5.8(9) 7(9) -1(1) 40.4(5) 0.1(8)
4 894.2(3) 894.2(3) 9.(8) 2.(5) 48(3) 3(3) 1.(0) 0.0(1)
5 608.2(3) 631.3(9) 8.4(9) 11.8(4) 238.(8) -6.(2) 108.(0) -1.1(9)
6 568.6(6) 579.2(0) 13.(1) 11.(0) 20(0) 2.(5) 53.(6) 0.7(3)
7 547.(7) 550.(8) 7.(5) 7.(2) 12(0) 4.(1) 26.(3) -0.0(7)
8 527.(4) 529.(0) 8.(1) 8.(1) 8(1) 1.(2) 21.(2) -0.0(4)
9 442.6(3) 468.7(5) 7.(5) 15.0(8) 19(4) -1(7) 92.(5) -1.4(7)
10 434.(0) 436.(4) 6.(6) 6.(0) 12(4) 1.(7) 13.(7) 0.0(7)
11 386.5(8) 386.5(8) 7.(2) 5.(5) 43.(9) -3.(6) 24.(9) -0.4(3)
12 352.9(8) 399.2(9) 7.5(4) 9.2(5) 28(8) 6(9) 71.(8) 1.4(6)
13 346.(0) 346.(0) 26.(7) 23.(9) 20(8) -9(4) (1) 0.4(2)
14 303.5(3) 314.6(7) 9.3(1) 7.2(6) 205.(3) 9.(8) 28.(7) 0.1(4)
15 249.6(2) 249.6(2) 5.8(2) 8.(9) 177.(3) 3(0) 10.6(6) 0.1(2)
16 234.0(7) 272.3(0) 9.1(6) 4.4(3) 288.(6) -2(9) 37.5(1) -0.2(6)
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